Abstract
Introduction
Rapid development in biological and biomedical research has resulted in many databases containing annotation information about gene products. One of such databases is Gene Ontology (GO) [6] , in which a set of controlled vocabularies (biological or biochemical terms) describing gene products based upon their functions in the cell are organized into three ontologies: cellular component, molecular function, and biological process. The GO database also contains millions of genes from heterogeneous data sources, annotated by ontological terms defined in these three ontologies.
Many tools are currently available for searching and analyzing information in the GO database. Amigo [9] is a web-based tool provided by GO Consortium for accessing the GO database. It allows users to browse and search ontology terms and gene products in this database. QuickGO [14] is a fast online browser for the GO data maintained by the European Bioinformatics Institute (EBI) [3] , as well as the GO annotations in UniProt and InterPro generated by the GOA project [5] . CGAP GO [1] is a browser for GO terms associated with only human and mouse genes. MGI GO Browser [13] allows users to view and search the relationships between GO terms and all mouse genes. COBrA [2] is an ontology browser and editor for GO and OBO ontologies. GeneInfoViz [7] takes a list of genes in a specific organism and return the GO terms associated with the gene list. GoFish [10] queries GO database based on GO term's attributes.
Besides searching and browsing the gene annotation information in the GO database, some tools provide statistical analyses within or between the gene lists. One such application is FatiGO [17] , a web-based interface for analyzing genes and their associations with GO terms. This tool allows users to analyze differential distributions of GO terms related to two sets of genes. FuncAssociate [4] , GeneMerge [19] , GOstat [18] , and GOToolBox [20] discover the GO terms over or under represented in the associated input genes. Some of them also rank the over and under representation of genes using numeric values and then cluster the genes based on these values. SGD GO Term Finder [16] and GO Slim Mapper [15] search for significantly shared GO terms, or parents of the GO terms, used to describe the genes in a gene list to help discover gene similarities. Generic GO Term Mapper [8] is a tool for mapping the granular GO annotations for genes to a set of GO parent terms. GOODIES [11] is a data mining tool for biological interpretation of gene groups with intuitive visualization on a GO tree. GOTM [12] is a tool for the visualization of genes based on GO hierarchies.
In general, these existing tools only visualize annotation information about the genes and their directly associated GO terms or provide certain statistical information on these annotation data. To find top N genes having similar biological functions with a given gene, researchers must use these tools to browse through the GO database and determine the functional similarities of genes by visually analyzing their annotation information. This process requires a lot of time and effort. In addition, determining the functional similarity of genes by visually examining their annotation information is inaccurate because some genes are annotated by different GO terms defining similar biological meanings.
In this paper, based on a new method [21] of measuring the functional similarity of genes, we design an efficient algorithm to find the top N genes having similar biological functions with a given gene and, in turn, develop an online tool to serve the biomedical community. The rest of this paper is organized as follows. In Section 2 we discuss the background information, including the methods for measuring the the semantic similarity of GO terms and the functional similarity of genes. In Section 3, we propose an algorithm for searching the top N genes having similar functions with a given gene, and analyze the correctness and efficiency of this algorithm. In Section 4, we discuss the issues in our online tool implementation, including the system architecture, the techniques used to improve the efficiency of the tool, and performance evaluation. Finally, we have our conclusion and discuss future studies in Section 5.
Background
A major challenge in searching the top N genes that have similar functions with a given gene is to accurately measure the functional similarity of genes. Recently, we proposed a new method [21] to measure the semantic similarity of GO terms and, in turn, designed an algorithm to measure the functional similarity of two genes based on the semantic similarities of the GO terms used to annotate these genes. Our extensive evaluation [22] showed that this new gene functional similarity measurement method is superior to other methods. To make this paper self-contained, we discuss the methods for measuring the semantic similarity of GO terms and the functional similarity of genes in this section. 5
Semantic similarity of GO terms
Ontologies in the GO database (biological process, cellular component, and molecular function) are represented as DAGs (Directed Acyclic Graph) in which ontological terms form nodes and the two kinds of semantic relations ("is-a" and "part-of") form edges. "is-a" is a simple class-subclass relation, where A is-a B means that A is a subclass of B. For instance, nuclear chromosome is-a chromosome. "partof" is a partial ownership relation; C part-of D means that whenever C is present, it is always a part-of D, but C need not always be present. To measure the semantic similarity of GO terms, we first decode the semantics of a GO term into a numeric value. Since the semantics (biological meanings) of a GO term is determined by its location in the entire GO hierarchy and its semantic relations with all of its ancestor terms, we use the DAG (a subgraph of an ontology) starting from the specific GO term and ending at any of the root term (biological process, cellular component, or molecular function) to represent this term.
Formally, we use DAG A = (A, T A , E A ) to represent GO term A, where T A is the set of GO terms in DAG A , including term A and all of its ancestor terms in the GO hierarchy, and E A is the set of edges (semantic relations) connecting the GO terms in DAG A . To represent the semantics of a GO term in a measurable format so that a quantitative comparison of two term's semantics is possible, we define the semantic value of term A as the aggregate contribution of all terms in DAG A to the semantics of term A. Terms closer to term A in DAG A contribute more to its semantics, while terms farther from term A in DAG A contribute less as they are more general terms. We define the contribution of a GO term t to the semantics of GO term A as the S-value of GO term t related to term A. For any term t in DAG A = (A, T A , E A ), its S-value related to term A, S A (t), is defined as:
where w e is the semantic contribution factor for edge e ∈ E A linking term t with its child term t . In DAG A , GO term A is the most specific term and we define its contribution to its own semantics as 1. Other terms in DAG A are more general and, hence, contribute less to the semantics of GO term A. Therefore, we have 0 < w e < 1. After obtaining the S-values for all terms in DAG A , we calculate the semantic value of GO term A, SV (A), as:
With the semantic value of a GO term and the S-values of the terms in its DAG, we can calculate the semantic sim-ilarity of two GO terms. Given DAG A = (A, T A , E A ) and DAG B = (B, T B , E B ) for GO terms A and B respectively, the semantic similarity between these two terms, S GO (A, B), is calculated as
where S A (t) is the S-value of GO term t related to term A and S B (t) is the S-value of GO term t related to term B. This formula determines the semantic similarity of two GO terms based on the locations of these terms in the GO hierarchy and their semantic relations with their ancestor terms. We note here that, for any term t ∈ T A ∩ T B , S A (t) may differ from S B (t) due to the difference between the locations of term A and B in the GO hierarchy, even though term t is a common term in both DAG A and DAG B .
Functional similarity of genes
In the GO database, one gene product may be annotated by many GO terms. Thus, the functional similarity between two genes can be determined by comparing the semantic similarities of GO terms annotating these two genes. To facilitate the gene functional similarity measurement, we first define the semantic similarity between one GO term and a set of GO terms. The semantic similarity between one term go and a GO term set GO = {go 1 , go 2 , · · · , go k } is defined as the maximum semantic similarity between term go and any of the terms in set GO. That is:
Thus, given two genes g 1 and g 2 that are annotated by GO term sets GO 1 = {go 11 , go 12 , · · · , go 1m } and GO 2 = {go 21 , go 22 , · · · , go 2n } respectively, we define their functional similarity as,
3 Searching top N genes with similar biological functions
Motivation
In past years, researchers have discovered various biological functions for genes and annotated them using different GO terms with different evidence codes. On the other hand, the same gene symbol may be associated with different biological functions in different species due to the heterogeneity of data sources. Thus, the results of searching the top N functionally similar genes are dependent on the user-specified search criteria (ontologies, data sources, species and evidence codes). Users may also specify the semantic contribution factors for "is-a" and "part-of" relations in measuring the semantic similarity of GO terms although we recommended two default values based on our previous experimental studies [21] . Because different users may specify different search criteria, it is impractical to predetermine the similarities of all genes in the GO database and provide a ranked list when a user query is received. However, if we have to check all gene products (more than 170, 000) in the GO database for every user query, the average query response time will be extremely long. Therefore, an efficient algorithm must be designed to find the top N genes having similar functions with a given gene, without an exhausted search of the GO database.
The ontology-based search algorithm
Based on our gene similarity measurement method, we propose an efficient ontology-based search (OBS) algorithm to find the top N functionally similar genes by traversing the GO graph. The principle of our OBS algorithm is described as follows:
Algorithm OBS
1. Obtain the complete set of GO terms annotating the input gene g. Assume this GO term set is GO core . We use GG current to store the current search results and GG history to store the genes being already evaluated. Both GG current and GG history are empty initially.
2. Obtain the whole set of genes that are annotated by at least one GO term in set GO core . Assume this gene set is GG boundary .
3. Measure the functional similarities between input gene g and the genes in set GG boundary , and rank them based on the similarity values.
4. Copy set GO core to GO temp and GO history .
5. If the number of genes in set GG boundary is less than N , copy set GG boundary into the result set GG current and assign 0 to variable f s; otherwise, put the top N genes from set GG boundary into set GG current , and f s is set to be the functional similarity value between gene g and the N th ranked gene in GG boundary . Empty set GG boundary .
Obtain the parent and child terms of the terms in set
GO temp excluding the terms in GO history . Copy the terms in GO temp into GO boundary . This algorithm takes a gene symbol g, an integer N , and a set of filtering parameters (including data sources, species, ontologies, and evidence codes) as the input and outputs the top N genes whose functions are most similar to the input gene g. Based on our GO term similarity measurement method, two GO terms farther from each other are less similar than two GO terms that are close in the GO graph. At the same time, the functional similarity of two genes are determined by the semantic similarity of the GO terms annotating these two genes respectively. Therefore, we can start our search process from the GO terms that annotate the given gene, and find out the genes that are also annotated by some of these GO terms.
After studying the genes annotated by the GO terms that also annotate the given gene, we expand our search to the GO terms at least one hop away from the GO terms that annotate the given gene on the GO graph. Our expansion continues step-by-step by checking the parent and child terms of the recently evaluated GO terms. Through these parent and child terms, we find new genes that have not been evaluated in the previous steps and compare their biological functions with those of the given gene. Therefore, the number of evaluated genes will increase and the distances between the GO terms to be evaluated and the GO terms annotating the given gene will also increase. This expansion process are visualized by Figure 1 . In this figure, the first step is to find the GO terms annotating the given gene. After that, the even steps are used to traverse the GO graph to expand the number of GO terms to be searched and the odd steps are used to expand the number of genes to be evaluated.
Figure 1. The expansion process for evaluating more GO terms and their associated genes through traversing the GO graph.
As shown in Figure 1 , we may end up evaluating all genes in the GO database if we do not provide a mechanism to stop the expansion process. As we mentioned previously, when the distances between the just expanded GO terms and the GO terms annotating the given gene grow larger and larger, the semantic similarities between the terms in these two GO term sets become less and less. Hence, according to our gene functional similarity measurement method defined by Equations 4 and 5, genes annoated only by these newly expanded GO terms will be less and less similar to the given gene in terms of their biological functions. We note that genes annotated by other GO terms that have closer distance to the GO terms annotating the given gene have already been evaluated in the previous steps. Therefore, the expansion process have two stop conditions. First, it stops after the odd step shown in Figure 1 . That is, no more GO terms to expand. In this case, the entire database is searched. However, in most cases, we can stop after an even step is completed. That is, we stop evaluating genes annotated only by GO terms having too far distances to the GO terms annotating the given gene because these genes are guaranteed not to make the top-N gene list. Therefore, the stop condition in step 8 of the OBS algorithm checks whether more GO terms and their associated genes need to be evaluated.
The online tool implementation
We have implemented an online tool based on our OBS algorithm, using MySQL 4.1 and PHP 4.39 running on the Redhat Linux Enterprise 4 operating system.
Improving the query response time and performance study
Because different genes may be associated with the same GO terms, the similarity value between two particular GO terms may be repeatedly calculated when we compare the similarity between the given gene and the searched genes. Similarly, the S-values of GO terms in a given GO DAG (a GO subgraph starting from a certain GO term) may also be calculated for many times during the search process because the same GO term may annotate different genes. To avoid redundant computation and excessive database accesses, we use two memory caches, S-value cache and similarity cache, to cache the S-values of GO terms associated with different DAGs and the similarity values of GO term pairs, respectively. Therefore, given two GO terms, the GO term similarity handler in our online tool will first look up the semantic similarity of these two terms in the similarity cache. The similarity value will be calculated only if it is not found in the similarity cache. As shown in Section 2.1, the semantic similarity of two GO terms is derived from the S-values of GO terms in the respective DAGs associated with these two GO terms. If these S-values are cached, redundant calculations can be avoid when any of these two GO terms is involved in a subsequent similarity measurement.
To quantitatively evaluate the efficiency of our OBS algorithm, we compare the query response time of the top N gene search tool based on our OBS algorithm with that based on the exhausted database search. To determine the performance improvement due to caching the S-values of GO terms in different DAGs and the similarity values of GO term pairs respectively, we also observe the query response time of the top N gene search tool with and without caches enabled. The performance study results are depicted in Table 1 . These results were obtained on a DELL Precision 350 workstation with 2.26 GHz 32-bit Intel Pentium 4 processor and 1 GB RAM, in which the top N gene search tool was the only application running.
As shown in Table 1 , the query response time of the exhausted database search is unacceptable. It took more than 6 hours to find the top 20 genes having similar biological functions with a given gene "FAA1" annotated in SGD database. Although our OBS algorithm reduced the query response time by 93%, the top N gene search tool still needs 30 minutes to return the search results. Nonetheless, asking a user to wait 30 minutes for the query results is still too long. When only the similarity cache is enabled, the query response time of the exhausted database search is around 10 minutes, while the query response time of the top N gene search tool based on our OBS algorithm is only 3.5 minutes. On the other hand, when only the S-value cache is enabled,the query response time of the exhausted database search is still around 10 minutes, while the query response time using our OBS algorithm is a less than 1 minute. From these results, we can tell that S-value cache has a larger impact on the efficiency of the top N gene search tool. Finally, when both caches are enabled, the query response time of the exhausted database search is still 237 seconds. However, the top N gene search tool based on our OBS algorithm needs only 36 seconds to return the same search results. 
Exhausted

User interface
Our online tool provides a web interface on which users can input a gene symbol, e.g., "ADH4", and a set of parameters to search functionally similar genes. A user must specify the number of top similar genes to be returned, the annotation data sources to be used, the interested species, the ontologies to be used for GO semantic similarity measurement, and the evidence codes associated with the annotation. A user may also specify the semantic contribution factors for "is-a" and "part-of" relationships respectively, if he/she does not want to use the default values we recommended in our previous study [21] . Furthermore, if our online tool determines that a gene symbol may be associated with different genes from different species, an extra web interface will be displayed to allow users to specify a particular gene intended for search.
Once the search process completes, the top N (N is specified by the user) genes having similar biological functions with the given gene will be returned. The genes will be ranked based on their functional similarities with the given gene. Figure 2 demonstrates the top 5 genes having similar biological functions with gene "ADH4", including gene "ADH4" which is ranked at the top. In this example, all ontologies, data sources, species, and evidence codes are selected as the input parameters. On the result page, if the user clicks on the symbol of a found gene, our tool will display the annotation information of this gene with the associated GO terms visualized on their ontology DAGs. The user can also click on the similarity value of a result entry to visualize the annotation similarity/difference between this found gene and the given gene.
Conclusion and future studies
In this paper, we proposed an efficient algorithm to find genes that have similar biological functions with a given gene based on a new method to measure the semantic similarity of GO terms. Using this algorithm, we implemented an online tool to search the top N genes having similar biological functions with a given gene. This tool allows users to specify various search criteria, including ontologies, data sources, species, and evidence codes, to fit their search needs. To improve the query response time, we implemented two caches to cache the S-values of GO terms in different DAGs and the similarity values of GO term pairs. These caches were shown to tremendously improve the query response time in our experimental studies. We are currently investigating more enhancement options, including parallelization and database optimization, to improve our online tool so that it can handle a large number of user requests concurrently.
